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1. Introduction 

Ceramics as a material class offer superior compressive strengths, thermal stability, low 
coefficient of thermal expansion (CTE), hardness, and abrasion resistance that lend themselves to 
a wide range of applications.  In particular, ceramic materials perform well as strike faces in 
lightweight armor assemblies, but their weak tensile fracture strength eliminates use as a stand-
alone replacement for traditional metals.  To incorporate the advantages of ceramics over metals 
and meet rising demands for lighter armor, a laminated multimaterial composite structure is 
required.  This structure may utilize a ductile backing plate to counteract the weak tensile 
fracture strengths and delay the onset of catastrophic failure during a ballistic event (1, 2).  In 
addition, weight requirements often dictate that armor assemblies carry structural load, which 
often requires using a high-quality polymeric adhesive bond between the ceramic and backing 
plate (3).  Polymeric adhesive bonding of backing plate candidate materials, such as metals and 
fiber-reinforced composites, has been widely studied, and the bond strength and durability 
properties are well characterized (4, 5).  However, specialized methodologies for quantifying 
adhesive bond strengths in ceramic materials are limited due to unique experimental challenges, 
as ceramic materials are extremely difficult to machine into test geometries specified by ASTM, 
JIS, and ISO standards. 

The first critical aspect of adhesive bonding to ceramics is the difficulty of machining and 
handling ceramic materials.  Machining ceramics into tensile testing specimen geometries is 
costly and difficult, especially along the gage length and in the transition sections between gage 
and grip areas.  Stress concentrations build within these areas and at the grips during testing, 
which can result in premature failures that underestimate true strength.  Also, due to the high 
stiffness of ceramics, sample alignment must be precise to ensure that bending and other stress 
states do not cause premature failure of the specimens (6).  Ceramic single lap joints may be used 
in a standard compressive shear test, but care must be taken to eliminate the tensile stress modes 
caused by bending during bond strength measurements (7–9).  Tensile testing of bonded ceramic 
assemblies has been accomplished by loading circular butt joints in a purely axial direction, 
which requires precision sample machining and subsequent alignment in the testing fixture (10). 

A second critical aspect to adhesive bonding that is often taken for granted is surface preparation 
and cleaning ceramic substrates.  Amara et al. were able to determine the critical strain energy 
release rate (Gc) of the adhesive bond through finite-element analysis, but the effect of the 
ceramic surface treatment was limited to removal of contamination by exposure to an air 
atmosphere at 800 °C (11).  While aggressive thermal cleaning treatments of ceramic surfaces 
are certainly effective, standard practices applied toward metals, such as sandblasting, are 
potentially easier to implement and more cost effective.   
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The third critical component to adhesive bonding is the durability of the bond line against 
environmental exposure.  Simultaneous exposure of bonded ceramic joints used in structural 
engineering applications to thermal/moisture conditions during static loading using the 
aforementioned test methodologies has not been thoroughly explored. 

An area of study where great focus has been placed on the moisture durability of adhesive 
bonding of ceramics is dental applications (12–14).  The adhesive bonding of ceramic 
orthodontic inserts presents unique challenges that are not encountered in structural engineering 
applications.  Surface preparation methods employed to improve the bonding between the resin 
and ceramic can involve a combination of techniques including acid etch cleaning, sandblasting 
with aluminum oxide particles, intraoral sandblasting using tribochemical silica coatings, and 
applying silane coupling agents, which may be applied in vitro (15–17).  Furthermore, the 
preceding surface treatments must not result in bond strengths so great as to impart damage to 
the underlying tooth should there be a need for subsequent removal and repair (15, 18).  
Determining fracture mechanics–based strain energy release rates across the interface of dental 
bonds has been accomplished using a four-point bending technique, but the debonded area at 
failure was relatively small (19, 20).  The limited bond surface area of these mechanical testing 
methods has the potential to introduce large amounts of experimental error, which must be 
compensated by analyzing statistically large sample sets.  Environmental exposure is often 
limited to mechanical testing on the millimeter scale of bonded ceramic blocks or extracted 
human teeth that have been exposed to repeated thermal cycling in water between 5 and 55 °C 
(21, 22).  While there is no doubt as to the success of dental ceramic-bonding techniques and 
surface pretreatments, research efforts in this field of study are justifiably narrowly focused to 
clinical chairside techniques and are not concerned with broader engineering applications. 

The goal of this research is to obtain critical strain energy release rates of bonded ceramic joints 
for structural engineering applications while undergoing concurrent environmental conditioning.  
To achieve this purpose, an asymmetric wedge test configuration has been designed where a 
compliant nonceramic adherend is bonded to a nondeformable ceramic base.  This experimental 
methodology results in only the compliant nonceramic adherend experiencing bending 
deformations upon insertion of the wedge.  As the testing geometry is fairly simple, elaborate 
machining is avoided due to a readily available selection of ceramics from commercial vendors 
that will fulfill acceptable dimensional requirements without additional modification.  
Additionally, the principal fracture mechanics of the asymmetric wedge test are well known with 
a methodology heritage originating with the splitting strength of mica experiments conducted in 
the 1930s through the recent use of asymmetric double cantilever beam testing to measure the 
fracture toughness of polymer interfaces (23, 24).  As is the case for symmetric wedge tests 
designed for bonded metals, an asymmetric wedge test is ideally suited for measuring the effect 
of ceramic surface treatments on bond strength and durability through simultaneous exposure to 
elevated humidity levels and temperatures.  Furthermore, the large ceramic surface area 
presented in this testing geometry is conducive to abrasive sandblasting cleaning techniques 



 3

adopted for metals.  While sandblasting ceramics is accepted by the dental community as an 
adhesion-promoting process, it is not known if abrasive surface damage will degrade the 
mechanical properties of the ceramic in high-stress, large-strain structural engineering 
applications. 

 

2. Experimental 

2.1 Asymmetric Wedge Test Analysis 

Unlike symmetric double cantilever beam specimen configurations, which are associated with 
pure mode I tensile loading, asymmetric geometries provide an avenue for introducing mode II 
shear contributions to the system.  The strain energy release rate, G, for the asymmetric wedge 
configuration is given by the following expression: 
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where E is the modulus of the compliant adherend, h is the thickness of the compliant adherend, 
∆ is the displacement at the loading point, and a is the crack length from the loading point (25). 

The strain energy release rates for asymmetrically loaded double cantilever beam geometries are 
well known and are often dependent on the mechanical properties of the adherends and the 
specimen geometry (26–28).  As the system becomes increasingly asymmetric, a greater degree 
of mode II loading is introduced into the system (29).  Mode mixity of loading also influences 
the locus of failure and the directional stability of advancing cracks (30, 31).  As the percentage 
of mode II loading increases, the locus of failure shifts from cohesive in the adhesive to 
interfacially along the adherend surface.  At small ratios of GII to GI (GII/GI <3%), the crack front 
will oscillate between the adherend interfaces at regular intervals proportional to the thickness of 
the adhesive.  At larger GII to GI ratios (GII/GI <14%), the crack front has increased directional 
stability and propagates along one adherend interface only.  The asymmetric wedge 
configuration studied for this research is the upper bound for double cantilever beam mixed-
mode loading, where one adherend does not deflect upon insertion of the wedge.  As this limit is 
approached, ~38% of the compliant bending energy is transmitted to the crack in plane shear, 
which is advantageous for investigating bond failure at the ceramic-adhesive interface. 

2.2 Asymmetric Wedge Test Sample Fabrication and Testing 

To eliminate ceramic machining, commercially available square alumina tiles with standard 
dimensions of 10.16  10.16  2.54 cm were used as the substrate.  The epoxy adhesive used for 
the study is estimated to have an initial Gc value ranging from 1000 to 2000 J/m2.  A wedge 
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thickness () of 3.18 mm, titanium thickness (h) of 3.18 mm, and titanium modulus (E) of 
113.8 GPa requires an initial crack length (a) of ~52 to 43 mm calculated from equation 1.  The 
calculated initial crack length was nearly half the length of the commercially alumina tiles 
available for this research and would limit the crack growth that could occur during subsequent 
environmental exposure.  Therefore, it was decided to simply butt two tiles together end on end 
with the first tile serving as a loading base for the wedge and the second tile purely for adhesive 
bonding (see figure 1).  The specific details of the sample fabrication are described in the 
following sections. 
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Figure 1.  Experimental setup of titanium bonded to alumina using the asymmetric wedge configuration.
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2.2.1  Bonding Alumina to the Backing Plate 

The first step involves the adhesive bonding of two AD 995 alumina ceramic tiles (Coorstek, 
Golden, CO) to a 19.1-  15.2-  0.95-cm rectangular aluminum alloy backing plate.  The 
alumina tiles must be bonded to the backing plate to maintain planar integrity while the titanium 
is loaded in bending by the wedge.  Single faces of the ceramic tiles and the aluminum backing 
plate were degreased using acetone (AT) and sandblasted with 80-m grain-size aluminum oxide 
particles (Electro Abrasives Corporation, Buffalo, NY).  A sandblast machine (Econoline model 
RA 60  48 CB, Grand Haven, MI) was used at 0.69 MPa of compressor oil-free air pressure at a 
working distance and blast angle of ~5 cm and 90° normal to the surface, respectively, until the 
surfaces were visibly uniform in appearance.  The residual surface sand was removed from the 
alumina surface by blowing with a stream of nitrogen gas.  The cleaned surfaces were then 
treated with AC-130 sol-gel (A-C-Tech, Garden Grove, CA) using manufacturer-recommended 
1-hr ambient drying conditions to promote covalent bonding with the epoxy film adhesive.  The 
two ceramic tiles and aluminum backing plate were bonded using two layers of FM 94 K epoxy 
film adhesive (nominal weight = 146 g/m2, nominal thickness = 0.15 mm, knit carrier, Cytec 
Engineered Materials, Havre de Grace, MD).  Additionally, two layers of adhesive at the butt 
joint between the tiles were used to prevent the ceramic tiles from cracking upon cool down due to 
the CTE differences between the ceramic tiles (8.2 m/m°C), backing plate (23 m/m°C), and 
adhesive (>90 m/m°C*).  The bonded assembly was then cured at 121 °C for 2 hr in a vacuum 
bag under ~100 kPa vacuum pressure.  The samples were then allowed to slowly cool to room 
temperature under vacuum pressure while the oven remained closed. 

2.2.2  Bonding Titanium to the Alumina 

The remaining exposed faces of alumina tiles were either rinsed with AT or sandblasted using 
the previously described methodologies prior to the application of the sol-gel adhesion promoter.  
Once treated with sol-gel, the loading tile was taped with a polyimide release film.  The release 
film was taped in a parallel line to the tile-to-tile butt joint ~6.35 mm onto the second bonding 
tile to prevent the seam from influencing initial crack growth during test loading. 

Titanium adherends were machined from Ti6Al4V alloy into 20.32-  2.54-  0.318-cm 
rectangular strips and sandblasted with 80-m aluminum oxide particles at 0.69-MPa air pressure 
until the surfaces were visibly uniform in appearance.  The loose surface sand particles were then 
removed by blowing with nitrogen gas followed by immediate treatment with the sol-gel, which 
was followed by a 1-hr ambient drying cycle.  As the goal of this research is to examine the 
durability of the ceramic-adhesive bond, the additional precaution of treating the titanium with 
BR6747-1 primer (Cytec Engineered Materials, Anaheim, CA) was taken to ensure further 
protection of the titanium-adhesive interface during environmental exposure.  The primer was 

                                                 
*Estimated CTE at cure temperatures exceeding the glass transition temperature of the adhesive. 
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applied using a painting technique, and the excess was removed by blowing with a gentle stream 
of nitrogen gas.  The primer was dried at ambient conditions for 1 hr followed by 121 °C for 
1 hr. 

The titanium-adherend strips were bonded to the top face of the alumina tiles using two layers of 
epoxy film adhesive.  The epoxy film adhesive was cut to match the length and width dimensions 
of the combined end-to-end joined tiles.  Three titanium adherends, spaced ~6.35 mm apart, were 
placed parallel to each other on the alumina substrate.  The sample assemblies were placed in a 
vacuum bag, and the adhesive was cured at 121 °C for 2 hr under an applied vacuum of ~100 kPa.  
As was the case for the initial bonding of the backing plate, the samples were allowed to slowly 
cool to room temperature under vacuum pressure while the oven remained closed.  The excess 
epoxy adhesive at the free edges along the lengths of the titanium adherends was cleaned with a 
small hand-held electric grinding wheel to remove excess adhesive flow.  The cleaned edges 
were solvent rinsed with AT and painted with a two-part epoxy-based white paint primer.  This 
water-resistant white coating provided excellent optical contrast for monitoring crack growth 
during loading and environmental exposure. 

2.2.3  Asymmetric Wedge Machining and Test Sample Loading 

Asymmetric wedges measuring 5.08  2.54  0.635 cm with a single 45° angle cut at one end 
were fabricated from glass-reinforced composite end-tab stock using an angle cutter mounted to 
a milling machine.  The asymmetric wedges were then inserted between the alumina tile and 
titanium adherend, on top of the polyimide film precrack, using a hydraulic press to a fixed 
displacement.  This provided an initial Gc loading value of ~2000 J/m2.  For hot/wet durability 
testing, the loaded test samples were immersed in distilled water baths held at a constant 
temperature of 60 °C.  The amount of crack growth for each specimen was measured periodically 
over the course of ~3 weeks of immersion using a digital vernier caliper.  A total of two 
complete asymmetric wedge fixtures were fabricated for each alumina surface treatment 
condition with each fixture containing three individual samples.  Upon completion of the 
moisture exposure, any samples that had not failed spontaneously were manually debonded with 
a pry bar, and the degree of cohesive/adhesive failure was qualified visually. 

2.3 X-ray Photoelectron Spectroscopy (XPS) Analysis 

X-ray photoelectron spectroscopy (XPS) was used to examine the surface chemistry of the 
alumina ceramic following degreasing in AT and sandblasting.  Sections of alumina were 
machined (Bomas Machine Specialties, Somerville, MA) into 10-  10-  2-mm squares to meet 
the dimension handling limits of the XPS analyzer chamber and sample mounting fixture.  The 
small XPS alumina sample squares were cleaned, following identical procedures as the larger 
tiles, with the use of a small clamping vice to prevent loss from the air pressure of the 
sandblasting machine and nitrogen gas stream used to remove residual sand particles.  A Kratos 
Ultra XPS system (Manchester, UK), equipped with a hemispherical analyzer, was used to 
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characterize the near-surface composition of the alumina substrates.  A 196-W monochromatic 
Al K (1486.7 eV) beam irradiated a 1- × 1/2-mm spot.  All spectra were taken at a 2 × 10–9 torr 
vacuum environment or better.  Survey and elemental high-resolution scans were taken at pass 
energy = 80 eV for 2 min and pass energy = 20 eV for 2–8 min depending on S/N, respectively.  
The photoemission spectra measure quantitative (atomic surface concentrations) and qualitative 
(functional group identification) chemical information.  A hybrid electrostatic and magnetic lens 
column with an integral coaxial charge neutralizer was employed to maintain uniform surface 
charge for the exact spot under examination.  Kratos Vision 2 software was utilized for all data 
analysis. 

2.4 Flexural Strength Evaluation 

Flexural strength testing was conducted on the alumina ceramic in accordance with the ASTM 
C 1161 four-point bending method to determine the mechanical effects of sandblasting (32).  
Standard “B” size (3 × 4 × 50 mm) rectangular flex bar specimens were machined (Bomas 
Machine Specialties, Somerville, MA) from sections of the alumina tile.  The flexural strengths 
were measured following the standard AT rinse and sandblasting surface treatments to determine 
the effects of abrasive damage.  The testing was carried out using an Instron 1123 (Norwood, 
MA) electromechanical load frame.  The alumina flexure bars were loaded into a fully 
articulating four-point bend fixture with the 4-mm treated surface facing the tensile (bottom) 
direction.  The inner and outer support spans were 20 and 40 mm, respectively.  A preload of 
20 N was applied to ensure that the sample was level and that no point contacts between the 
rollers and the specimen were present.  Running in load-control mode and using a 5-kN 
reversible load transducer, the specimens were loaded at a crosshead displacement rate of 
0.5 mm/min, ensuring a flexural strain rate of 1 × 10–4 s–1. 

The flexural strength, S, was calculated using the following equation: 

 
24

3

bd

PL
S   , (2) 

where P is the load at failure, L is the length of the outer support span, b is the specimen width, 
and d is the specimen thickness. 

The flexural strengths were also measured for sandblasted samples that had also undergone 
subsequent sol-gel treatment and adhesive bonding to examine any possible healing effects.  
Treatment of the sandblasted flex bars using the sol-gel followed identical procedures as 
described previously.  The epoxy film adhesive was bonded as a single layer using a heated press 
at 121 °C for 2 hr at 100-kPa pressure to mimic the vacuum pressures used in the bagging 
process for the asymmetric wedge samples.  Thirty valid four-point flexural strength tests for 
each surface preparation were conducted. 

A Philips FEI XL series environmental scanning electron microscope (Netherlands) was used for 
fractography of the failed specimens to more accurately capture the intrinsic flaw population in 
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the as-received samples and the strength-dominating flaw population for each of the different 
surface treatments. 

3. Results and Discussion 

3.1 Adhesive Bond Durability 

Figures 2 and 3 show the plots of the crack length and fracture energy, respectively, as a function 
of moisture exposure time for the AT- and sandblast-cleaned (prior to application of the sol-gel 
adhesion promoter) asymmetric wedge assemblies.  In figures 2 and 3, a number of the samples 
that were AT rinsed only prior to applying the sol-gel experienced complete spontaneous failure 
during the course of the study, as indicated by the circled data points.  These spontaneous 
failures were not included in the calculations of average crack length or error.  Sandblasting 
resulted in no spontaneous failures.  All samples studied were initially loaded to average initial 
fracture energies of 2027 ± 176 J/m2.  The crack length plots show that the largest crack growth 
for both the AT and sandblasted samples occurred within the first 100 hr of moisture exposure.  
While the increases in crack length, and resulting decreases in fracture energy, were greatest for 
the AT samples, the remaining crack growth for both the AT and sandblasted samples remained 
similar to each other at times >100 hr.  However, the moisture exposure of the AT-cleaned 
samples resulted in noticeably inconsistent adhesive bond durability, with either seemingly very 
good or very poor performance observed.  Exactly 50% of the AT samples that were tested failed 
spontaneously during moisture exposure, as indicated by the circled data points in figures 2 and 3.  
Furthermore, the spontaneous failures of the AT-cleaned samples were apparent random events 
and not biased toward longer exposure times as might be expected.   

During sample preparation, the sol-gel adhesion promoter was observed to wet the surface of the 
sandblast-cleaned alumina much more evenly than the AT-cleaned alumina.  Therefore, the 
solvent rinsing used in the AT-cleaning procedure yielded regions of varying sol-gel coupling to 
the surface of the ceramic, which resulted in the inconsistent durability.  For comparative 
purposes, if the ceramic is cleaned by solvent rinsing or sandblasting prior to adhesive bonding 
without the subsequent use of the sol-gel adhesion promoter, then complete 100% failure will 
occur in all samples within 12 hr at the temperature and moisture conditions chosen for this 
study.  The larger experimental scatter in the crack length growth and fracture energy for the 
sandblast-cleaned samples was the result of fixture-to-fixture variation as the three individual 
asymmetric wedge samples within each individual fixture showed low experimental variation.  
One premise of the asymmetric wedge test is the potential to reduce the amount of experimental 
scatter typically observed during testing of very small dentistry-derived samples.  The larger than 
expected experimental error recorded during these experiments is probably more attributable to 
inconsistencies with the application of the sol-gel rather than the asymmetric wedge test design.
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Figure 2.  Average crack length growth for asymmetric wedge samples when immersed 
in water at a constant temperature of 60 °C as a function of time. 
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Figure 3.  Average strain energy release rates for asymmetric wedge samples when 
immersed in water at a constant temperature of 60 °C as a function of time.  
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After 433 hr of testing, all specimens that had not failed spontaneously were manually failed to 
discern the type of failure exhibited at the ceramic/adhesive interface.  Figure 4 shows the 
ceramic and titanium failure surfaces for the AT- and sandblast-treated samples with the regions 
of initial wedge insertion, exposure to moisture, and final manual failure indicated.  The failure 
surface of the titanium adherends corresponds to the bottom sample failure surfaces on the 
alumina ceramic.  Also note that the top AT sample failed prematurely during exposure.  The 
initial wedge insertion and loading resulted in cohesive failure within the epoxy film adhesive for 
all of the AT- and sandblast-treated samples, as residual film adhesive is clearly evident on both 
the titanium and alumina adherends.  The fracture mechanics of the asymmetric wedge 
configuration would seem to predict an initial failure at the film adhesive/alumina interface, but 
the strength of the film adhesive may have been reduced by curing under a vacuum pressure of 
100 kPa rather than the manufacturer’s recommended autoclave pressure of 275 kPa, as evident 
by the incomplete wetting of the adhesive’s knit carrier cloth.  Upon exposure to moisture at an 
elevated temperature, the locus of failure shifts to adhesive at the film adhesive/alumina 
interface.  It is unknown if the exact locus of failure occurred within the alumina, at the 
alumina/sol-gel interface, or sol-gel/film adhesive interface as the sample dimensions greatly 
exceeded the size capability of the XPS.  Also note that the AT-treated samples that failed 
spontaneously during the course of the moisture exposure showed adhesive failure at the film 
adhesive/alumina interface along the entire remaining length the alumina tile. 

3.2 XPS Analysis of Surface-Treated Alumina 

While XPS analysis of the failure surfaces was not possible, studies of the cleaning procedure 
and sol-gel application using the 10-  10-  2-mm machined alumina squares provided insight 
to the bond durability results.  XPS survey results for the alumina specimens subjected to AT and 
sandblast cleaning regiments are shown in figure 5.  The carbon-aluminum ratio is an indication 
of how much carbon is present on the surface relative to alumina. A higher ratio indicates an 
excess of carbon.  For the AT specimens, the carbon-aluminum ratio was 0.52.  For the 
sandblasted specimens, the ratio dropped to 0.26, indicating a significant decrease in the amount 
of carbon on the surface of the alumina.  Figures 6 and 7 show XPS high-resolution spectra of 
the C1s peaks for the AT and sandblasted specimens, respectively.  Note the drop in the peak 
intensity when the sample has been grit-blasted prior to sol-gel application.  Sandblasting is 
advantageous because the removal of carbon, a surface contaminant, provides higher bonding 
between the silane coupling agent (-glycidoxypropyltrimethoxy silane [GPS] or sol-gel) and the 
virgin alumina surface.  This maximizes the effectiveness of the silane coupling agent and results 
in stronger bond strength when the adhesive is cured on the surface.  Table 1 gives XPS 
elemental atomic concentrations for several elements for several surface preparations.  The 
specific sandblast machine reported in this research is used for multiple cleaning processes, 
including removal of fluorinated release agents from the bonding surfaces of fiber-reinforced 
composites.  Therefore, contaminated sandblast particles were removed prior to use, and the 
interior of the blast chamber was wiped down using AT.
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Figure 4.  Failure surfaces of manually debonded asymmetric wedge samples after 433 hr of immersion in 
water at a constant temperature of 60 °C.  (Note:  SB = sandblasted.) 

The interactions of traditional silane coupling agents, such as GPS, as epoxy adhesion promoters 
with aluminum substrates have been previously characterized by XPS analysis (33, 34).  These 
model studies of GPS/aluminum interactions indicate that this coupling agent should also be a 
model adhesion promoter for alumina ceramic adherends.  Unpublished results obtained in the 
laboratory have verified that GPS is highly effective as an epoxy-compatible coupling agent for 
alumina ceramics.  However, to promote condensation and cross-linking of the GPS to the 
substrate surface requires a post-bake thermal treatment at 93 °C for 60 min.  As discussed in the 
experimental section, the thicker cross-section ceramic samples are prone to cracking upon 
cooldown when bonded to a metal backing plate due to the mismatch in CTE.  Therefore, the



 12

1200 1000 800 600 400 200 0 

 

N
or

m
ai

lz
ed

 I
nt

en
si

ty
 (

I/
I 

C
1s

) 

Binding Energy (eV)

AT-cleaned alumina

Sandblast-cleaned alumina

Na 

F

O

C
Al 

 

Figure 5.  XPS survey results comparing the AT and sandblasting cleaning procedures of the 
alumina ceramic.  Curves shifted up for clarity. 

sol-gel-based adhesion promoter was chosen to minimize the number of heat/cool cycles and 
reduce the risk of fracturing the ceramic.  The sol-gel adhesion promoter formulation 
incorporates a zirconium isopropoxide additive that catalyzes condensation and cross-linking of 
GPS at room temperature (35, 36). 

3.3 Flexural Strength Testing Results 

The characteristic strength of ceramic materials is largely governed by strength-limiting 
preexisting flaws, which can be introduced in the material during preprocessing, densification, or 
subsequent surface machining.  Due to the high strength and low fracture toughness of ceramic 
materials, flaw volume tolerances are often extremely small, often on the order of a few cubic 
microns.  Flaws located at the specimens’ surface or internal volume are often the initiation sites 
for catastrophic failure.  The size and location of these flaws vary from specimen to specimen, 
resulting in a large scatter of strength values and often failure types.  Examples of internal flaw 
populations include pores caused by incomplete densification, agglomerates of secondary phases, 
and excessively large primary phase grains (37).
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Figure 6.  XPS high-resolution spectra of the C1s peaks of the sol-gel-treated alumina ceramic 
after AT cleaning. 
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Figure 7.  XPS high-resolution spectra of the C1s peaks of the sol-gel-treated alumina ceramic 
after sandblast cleaning. 
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Table 1.  XPS elemental atomic concentrations for surface analysis of the alumina following AT or sandblast 
cleaning with subsequent treatments of sol-gel adhesion promoter. 

 
 

Element 

 
 

AT Cleaning 

 
AT Cleaning With 

Sol-Gel Application

 
Sandblast 
Cleaning 

Sandblast Cleaning 
With Sol-Gel 
Application 

Na 1s 0.48 0 2.50 0 
F 1s 0 0 1.35 0 
O 1s 48.04 33.71 51.08 44.49 
C 1s 17.67 50.40 9.29 35.66 
Zr 3d 0 2.67 0 0.45 
Si 2p 0 7.07 0 0.97 
Al 2p 33.76 6.15 35.72 18.46 

 

Surface-cleaning regiments, such as sandblasting, can also affect the strength of the material by 
significantly altering an existing flaw population or by creating a new and dominant flaw 
population, which could possibly lead to significant degradations in strength.  The four-point 
bend flexural test is ideally suited to track changes in the characteristic strength of the alumina 
ceramic due to sandblasting of the bonding surfaces.  Any apparent increases in surface damage 
should lead to an observable increase in tensile failure modes.  Weibull statistics are the 
commonly accepted means of quantifying the brittle mechanical behavior of ceramics and 
comparing strength values.  The two-parameter Weibull distribution function denotes the failure 
probability that a material will fail when subjected to an applied stress, σ. 

 *lnln
1

1
lnln  mm

F f 








 , (3) 

where F is the failure probability, and σ* is the characteristic strength. 

The failure probability, F, is calculated for each specimen in the population using the estimation 

 
N

n
F

5.0
  , (4) 

where the strength data of N specimens are ranked from weakest to strongest with n = 1 denoting 
the weakest specimen.  By plotting the natural log functions of F and σf, the Weibull modulus, m, 
and the characteristic strength, σ*, can be found as the slope and y-intercept, respectively.  These 
two Weibull parameters give insight into the strength and variability of flaw population within 
the experimental series.  A high Weibull modulus indicates low variability in strength values, 
and a high intercept indicates a high characteristic strength. 
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Figure 8 shows the Weibull plot strength data for the alumina after undergoing the AT and 
sandblast surface-cleaning measures.  The AT-cleaned ceramics had a characteristic strength of 
291 MPa and a corresponding Weibull modulus of 42.0.  This strength value is typical of similar 
alumina materials, and the relatively high Weibull modulus indicates a low variability in strength 
distribution.  From the Weibull distribution, it is evident that there is only one dominant flaw 
population in the as-received ceramic.  Fractography revealed that the locus of failure originated 
at the weaker tensile surfaces, as shown in figure 9.  The semi-elliptical cracks intersecting the 
tensile surface of the specimen were caused by the abrasive nature of specimen machining of the 
bend bars.  The AT surface-cleaning procedure used for adhesive bonding is a simple solvent 
rinse and should not contribute to the surface flaw population.  The range of flaw sizes 
determined from fracture mechanics equations and fractography confirmation was 105–133.8 µm. 

 

 

Figure 8.  Weibull distribution for flexural strength of alumina that were 
surface cleaned by solvent rinsing in AT () or sandblasting 
(▲).  Note that these samples were not treated with the sol-gel 
adhesion promoter after surface cleaning. 

In the case of the sandblasted sample set, the characteristic strength drops to 282 MPa, and the 
Weibull modulus drops to 39.8 when compared to the AT-treated values, also shown in figure 8.  
This ~3% decrease in strength was most likely due to intensification of the preexisting surface 
flaws observed in the AT specimens.  The impacting and abrasive nature of sandblasting imparts 
a tensile stress field with a maximum stress located below the surface of the material.  The tensile 
stresses are relieved through the introduction of new surface defects or through growth of existing 
defects, both of which decrease the strength of the ceramic.  Fractography of the sandblasted 
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specimens confirmed that the size of existing surface defects was increased by the sandblasting 
medium, as seen in figure 10.  The range of flaw sizes determined from fracture mechanics 
equations and fractography confirmation was 116.2–140.1 µm. 

 

 

Figure 9.  Fracture surface micrograph depicting a strength-limiting 
flaw in an AT alumina flexure specimen.  The flaw, 
indicated by the white arrow, is a subsurface semi-elliptical 
crack induced by surface machining damage. 

 

 

 

Figure 10.  Fracture surface micrograph depicting a strength-limiting 
flaw in a sandblasted alumina flexure specimen.  The white 
arrow indicates the origin of failure. 
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It is known that thin polymeric coatings applied to the surfaces of ceramics can yield increased 
strength.  To investigate the contribution of the sol-gel adhesion promoter to ceramic strength, 
samples were subjected to sandblasting and sol-gel surface treatment (SB/SG).  As seen from the 
Weibull plots in figure 11, the flexural strength of the SB/SG samples shows a marked “recovery” 
in strength when compared to the AT and sandblasted sample sets.  The characteristic strength and 
Weibull modulus of these samples were 298.5 MPa and 32.2, respectively.  The characteristic 
strength of the SB/SG alumina is slightly higher than the as-machined specimens, indicating that 
the sol-gel acts to suppress or negate the effects of the sandblasting and the original flaw 
population as well.  The exact mechanism for this strengthening is not known.  However, it is 
hypothesized that the sol-gel acts to either reduce stress concentrations associated with surface 
asperities or enter surface cracks to blunt the crack tips from the maximum stresses during loading. 

 

 

Figure 11.  Weibull distribution for flexural strength of AT, 
sandblasted, and SB/SG flexural strength specimens.  
Note the recovery in flexural strength of the SB/SG 
specimens after the sol-gel treatment was applied to 
the tensile surface. 

 
While the sol-gel seemed effective in recovering strength, possible ceramic strength increases 
were investigated by applying FM 94 film adhesive to the tensile side of alumina flexure bars 
with either AT/SG or SB/SG surface cleaning.  As shown in the Weibull plots of figure 12, the 
characteristic strength and Weibull modulus for both the AT/SG/FM 94 and SB/SG/FM 94 
increased to 350 MPa and 37, respectively.  The identical value of characteristic strength for the 
different surface preparations upon application of the film adhesive indicates that the previously 
observed dominant surface flaw population may become suppressed to the extent that a
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secondary flaw population becomes active.  Silane coupling agents and thin film adhesives act to 
negate the effects of surface machining and sandblasting, as long as the populated flaw sizes are 
within the range of those created during this work.  Fractography of the FM 94-coated flexure 
specimens revealed that failure still originated at surface machining defects, although failure 
from orthogonal machining cracks was observed in addition to cracks parallel to the machining 
direction, as seen in figure 13. 
 

 

Figure 12.  Weibull distribution for flexural strength of all alumina 
specimens.  Note the increase in flexural strength when 
the film adhesive was applied to the tensile surface 
regardless of prior surface preparation, AT/SG/FM 94 
and SB/SG/FM 94. 

 

 

Figure 13.  Fracture surface micrograph showing a strength-limiting 
orthogonal surface machining crack in an alumina flexure 
specimen coated with a single layer of film adhesive.  The 
white arrow indicates the failure origin on the tensile surface.
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4. Conclusions 

This research showed that the asymmetric wedge configuration is a valid testing methodology 
for evaluating the strength and durability of adhesively bonded ceramics.  Furthermore, this 
testing configuration proved advantageous due to the absence of machine work needed for the 
ceramic, as the commercial as-received alumina geometry was acceptable.  The crack tip loading 
of the asymmetric wedge configuration is well described by established fracture mechanics, 
which should prove more applicable to a variety of structural applications in comparison to more 
qualitative ceramic bonding schemes developed for the dentistry community.  In addition, the 
contribution of mode mixity to the fracture mechanics drove the crack growth toward the 
ceramic substrate, which was the desired surface of interest. 

The effects of different surface preparation techniques on bond durability were successfully 
evaluated using the asymmetric wedge configuration.  The initial fracture energies for the 
sandblast-cleaned alumina samples proved slightly greater than simple AT rinsing as a surface-
cleaning treatment.  While differences in crack growth length between AT-rinsed and 
sandblasted specimens were consistent throughout the duration of the moisture exposure, the 
AT-rinsed samples did result in a number of spontaneous complete failures not experienced by 
the sandblasted samples.  XPS analysis of the ceramic surfaces confirmed that sandblasting was 
more successful in removing ubiquitous carbon contamination from the alumina surface than 
solvent rinsing with AT.  The XPS also showed that the sandblasted alumina surfaces promoted 
more effective coupling with the sol-gel adhesion promoter, which was presumably responsible 
for the increased durability consistency during moisture exposure. 

Sandblasting the surface of the alumina ceramic resulted in a somewhat lowered flexural strength 
due to damage effects.  However, applying sol-gel adhesion promoter was found to counter the 
negative effects of sandblasting and fully restore the strength of the ceramic.  Subsequent 
application of the film adhesive actually increased the flexural strength of the ceramic.  These 
results indicate that the film adhesive acts to reduce the contribution of the dominant surface 
flaw population to overall ceramic failure.
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